Rho-associated kinase (ROCK) is an emerging target in acute ischemic stroke. Early pre-hospital treatment with ROCK inhibitors may improve their efficacy, but their antithrombotic effects raise safety concerns in hemorrhagic stroke, precluding use prior to neuroimaging. Therefore, we tested whether ROCK inhibition affects the bleeding times, and worsens hematoma volume in a model of intracerebral hemorrhage (ICH) induced by intrastriatal collagenase injection in mice. Tail bleeding time was measured 1 h after treatment with isoform-nonselective inhibitor fasudil, or ROCK2-selective inhibitor KD025, or their vehicles. In the ICH model, treatments were administered 1 h after collagenase injection. Although KD025 but not fasudil prolonged the tail bleeding times, neither drug expanded the volume of ICH or worsened neurological deficits at 48 h compared with vehicle. Although more testing is needed in aged animals and comorbid models such as diabetes, these results suggest ROCK inhibitors may be safe for pre-hospital administration in acute stroke.
Introduction
Rho-associated kinases (ROCKs) control numerous cell functions relevant for cerebrovascular diseases, including vascular smooth muscle contraction, endothelial nitric oxide synthesis, and inflammation. 1 Upregulation of ROCK activity is associated with vascular dysfunction. For almost two decades ROCK has been explored as a therapeutic target in cerebrovascular diseases. In experimental focal cerebral ischemia, ROCK inhibition has been uniformly efficacious. [1] [2] [3] [4] In general, earlier treatment onset affords greater efficacy in focal cerebral ischemia. Although pre-hospital administration greatly shortens the time to treatment, 5 clinical exam alone is often not sufficient to accurately identify the etiology of acute neurological deficits in the field. 6 For example, the need to distinguish ischemic from hemorrhagic stroke by neuroimaging is arguably the biggest contributor to delay of thrombolysis. Treatments deemed to be safe in both ischemic or hemorrhagic stroke could be administered in the field without delay for further diagnostic testing.
ROCK inhibition has antithrombotic and vasodilator effects that can be beneficial in acute ischemic stroke. 1, 4, 7, 8 However, the same effects can potentially be harmful in primary intracerebral hemorrhage (ICH). We have recently shown that ROCK2-selective inhibitor KD025 does not exacerbate hemorrhagic transformation in a This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made. mouse model of transient focal cerebral ischemia. 2 Our primary aim in this study was to directly test whether ROCK inhibitors can be safely administered in the field in patients with acute neurological deficits suspected of stroke, prior to imaging to rule out a primary ICH. To this end, we tested the effect of two different ROCK inhibitors on hematoma volume in a widely used mouse model of collagenase-induced primary ICH.
Material and Methods

Animals
All experiments were conducted according to protocols approved by the Animal Research Committee of Massachusetts General Hospital and NIH Guide for the Care and Use of Laboratory Animals. We followed the ARRIVE Guidelines for reporting animal research. 9 Male CD1 mice (3-4 months,~24-28 g; Charles River Laboratory, Wilmington, MA) were fed ad libitum. The animals' health status was monitored throughout the experiments by a health surveillance program.
Procedure and treatments
ICH was induced by striatal collagenase injection. 10 Mice were anesthetized with isoflurane and placed in a stereotaxic frame. A 30-gauge needle was inserted into the striatum (from bregma: 2 mm lateral, 1 mm anterior, 3 mm ventral) through a burr hole, and 0.05 U of collagenase (Type IV; Sigma) was injected in 1 lL of saline over two minutes using an infusion pump. This dose was chosen to yield an intermediate hematoma volume based on prior literature. 10 Sham groups received saline injections of the same volume. The needle was left in place for two minutes, and slowly removed. Na€ ıve mice did not undergo any injections. Sixty minutes after collagenase injection, mice were treated with isoform non-selective ROCK inhibitor fasudil (IC50 2-10 lmol/L 11 ; 10 mg/kg in saline, intraperitoneal; Tocris, Bristol, UK) or ROCK2-selective inhibitor KD025 (IC50 of 60 nmol/L 12 ; 200 mg/kg in 0.4% cyclodextrin suspension, oral gavage; kindly provided by Kadmon, New York, NY), and compared to their respective vehicles. These doses were selected as the most efficacious in previous studies. [2] [3] [4] Although the half-life of fasudil is under 30 min after intraperitoneal administration, its active metabolite hydroxyfasudil has a longer halflife (~1 h).
13 KD025 has a plasma half-life of 4 h. 
Experimental design and outcome measures
The investigator providing the treatment was blinded as to which treatment was being administered. Neurological tests were performed daily, and mice were euthanized forty-eight hours after collagenase injection to measure hematoma volume. Investigators blinded to the treatment groups performed all assessments. Primary endpoint was hematoma volume. Secondary endpoints were edema, wire grip and pole test performance, and mortality.
Experimental groups
Group sizes were pre-estimated to detect a 25% change in ICH volume with 80% power (a = 0.05), based on pilot experiments with fasudil and KD025. Experimental groups included na€ ıve + vehicle (n = 8), na€ ıve + fasudil (n = 4), na€ ıve + KD025 (n = 4), sham + vehicle (n = 8), sham + fasudil (n = 4), sham + KD025 (n = 4), collagenase + vehicle (n = 20 and 16 as controls for collagenase + fasudil and collagenase + KD025, respectively), collagenase + fasudil (n = 20), collagenase + KD025 (n = 16).
Mice were randomly allocated to each treatment group. Fasudil and KD025 experiments were separated by several months in time. Na€ ıve mice did not differ from shaminjected animals in wire-grip test performance; therefore, these were pooled into a single control group for statistical comparisons. We excluded three collagenase + saline and one collagenase + fasudil animals that developed no ICH, as a sign of failure of collagenase injection one hour prior to any treatment. In addition, hematoma volume and edema could not be assessed due to a technical failure in tissue preparation in four collagenase + saline and three collagenase + fasudil animals; however, wire-grip and pole tests were performed in these animals and included in the analyses.
Functional outcome assessment
Neurological deficits were quantified at 24 and 48 h in a blinded manner using the pole test and wire grip tests as previously described with minor modifications. 14, 15 Preoperative training was done for 2 days. For wire grip test, both wire grip score and the latency to reach the bottom were recorded. Mice were picked up by the tail and placed on a taut metal wire suspended between two upright bars 50 cm above a padded table. The test was scored as: 0, if the mouse was unable to remain on the wire for more than 30 sec; 1, if the mouse failed to hold on to the wire with both forepaws and hindpaws; 2, if the mouse held on to the wire with both forepaws and hindpaws but not the tail; 3, if the mouse used its tail along with both forepaws and both hindpaws; 4, if the mouse moved along the wire on all four paws plus tail; 5, if mouse that scored 4 points also ambulated down one of the posts supporting the wire. For pole test, the mouse was placed head-upward on the top of a vertical rough-surfaced pole (diameter 8 mm; height 55 cm). The time the mouse took to turn completely head downwards ("time to turn") and the total time it took to descend down and reach the floor after starting its turn ("time to bottom") were recorded. Both tests were repeated twice and averaged.
Tissue outcome assessment
After neurological testing, brains were harvested and cut into 20 lm-thick coronal cryosections every 500 lm between 2 mm anterior and 4.5 mm posterior to bregma, and stained with 3,3 0 -diaminobenzidine tetrahydrochloride (DAB) as previously described. 16 Briefly, Mouse brains were fresh frozen in isopentane precooled on dry ice. Tissue sections were prepared on a Microm 505E Cryostat and mounted onto ionized glass slides. Tissue sections were fixed in 100 percent ethanol and rinsed briefly in PBS. Sections were incubated in DAB solution, prepared using a commercial kit (Vector Laboratories, Burlingame CA) according to manufacturer instructions. Reaction was terminated by washing 3 times in an abundant volume of distilled water. Sections were then serially dehydrated in 50%, 75%, 95%, and 100% ethanol for 2 min each. Sections were cleared in xylene for 5 min and coverslipped using Permount (Fisher Scientific, Waltham MA). Sections were then counterstained with hematoxylin-eosin. Hematoma area was measured on each section (ImageJ, National Institutes of Health, USA) and integrated across the brain.
Bleeding time
Mice were treated with KD025 or fasudil as above one hour before testing, anesthetized with isoflurane. Approximately 5-6 mm of the tail tip was cut off and tails were immersed in 0.9% isotonic saline at 37°C. The length of time required for bleeding to stop (defined as no blood flow for 1 min) was measured, as previously reported. 16, 17 Statistics Data were statistically tested using two-way ANOVA for repeated measures (time) followed by post-hoc Bonferroni's multiple comparisons test, chi-square test, and unpaired t-test, and indicated in figure legends. All statistical analyses were performed using Prism 6 (GraphPad Software, La Jolla, CA). Data in figures are shown as mean AE standard error, or whisker (full range) and box (interquartile range) plots, along with median (hortizontal line) and means (+) and individual data points. Data in text are expressed as mean AE standard error.
Results
Treatment with KD025 1 h prior to testing prolonged the tail bleeding time by more than threefold compared with vehicle (963 AE 169 vs. 295 AE 71 sec, respectively, n = 6 each; P = 0.0045; t-test; Fig. 1 ). In contrast, fasudil had no effect compared with vehicle (332 AE 81 vs. 434 AE 57 sec, respectively, n = 6 each; P = 0.3276; t-test). Sham (saline) intrastriatal injections did not produce detectable ICH, and did not significantly affect the pole test or wiregrip test performance compared to na€ ıve mice with no injections (data not shown). Collagenase injection induced ICH that was for the most part limited to the striatum ( Fig. 2A) . Mortality was two (12%) in collagenase + saline, three (19%) in collagenase + KD025, and four (21%) in collagenase + fasudil group (P = 0.32; v 2 ), all within 24 h of collagenase injection; examination of mice with premature mortality did not reveal larger hematoma sizes compared to the rest of the cohorts (not shown) arguing against mortality bias in tissue and neurological outcomes. Compared to vehicle controls, neither fasudil nor KD025 changed the cross sectional area or the volume of ICH as the primary outcome endpoints (Fig. 2B) . Of note, the overall hematoma volumes were larger in the experiment testing fasudil (upper graphs) compared with the experiment testing KD025 (P = 0.04; two-way ANOVA), most likely owing to different vehicles, collagenase potency, or to the substantial time gap between cohorts. ICH worsened neurological performance compared with baseline (Fig. 3) . Compared to vehicle controls, neither fasudil nor KD025 worsened the neurological deficits on wire grip or pole test.
Discussion
We undertook this study to specifically examine whether ROCK inhibitors administered in a pre-hospital, pre-imaging setting for acute stroke might worsen the outcome if the final diagnosis is ICH rather than ischemic stroke. This is because ROCK inhibition relaxes vascular smooth muscle, dilates cerebral vessels, and may inhibit platelet aggregation, 1, 8 potentially worsening ICH. 1 Our results show that neither fasudil (isoform-nonselective ROCK inhibitor) nor KD025 (selective ROCK2 inhibitor), at doses efficacious in ischemic stroke, had a significant effect on hematoma volume or neurological outcome compared with vehicle, when administered acutely during an actively evolving ICH, alleviating these concerns. Although these ROCK inhibitors appeared to be inert in acute ICH, it is possible that the potential harmful effects of ROCK inhibition in ICH (e.g., vasodilator, antithrombotic) might have offset the potential beneficial effects (e.g., anti-inflammatory, anti-edema, anti-hypertensive). We found that ROCK2 inhibitor KD025, but not isoform-nonselective inhibitor fasudil, prolonged the bleeding time, consistent with previous reports. 8, 17 It is unclear why fasudil does not prolong the bleeding time, but its hypotensive effect may be one explanation. Indirect evidence from other models suggests that ROCK inhibitors do not exacerbate hemorrhage risk. For example, fasudil has been shown to ameliorate blood-brain barrier (BBB) disruption, vascular endothelial growth factor and matrix metalloproteinase activation, and hemorrhagic transformation caused by tissue plasminogen activator (tPA) treatment after transient middle cerebral artery occlusion in rats and mice. [17] [18] [19] Despite the prolonged bleeding times in our study, in an in vitro human BBB model, KD025 was more potent than fasudil in preventing tPAand plasminogen-induced BBB disruption under both hypoxic and normoxic conditions, 20 and did not worsen hemorrhagic transformation after focal cerebral ischemia in mice. 2 Although these data do not directly pertain to primary intracerebral hemorrhage, taken together with our findings, they further support the safety of ROCK inhibition in this setting.
We selected a collagenase model of ICH over autologous blood injection because the latter was not appropriate to test the effect of ROCK inhibition on hematoma volume. The progressive ICH growth in the collagenase model mimics the expanding nature of hematoma in humans. 21, 22 Moreover, neurological deficits typically recover quickly after autologous blood injection in contrast with the prolonged deficits in patients. 10, 22, 23 We did not examine late time points because our primary endpoint hematoma volume reaches a plateau within 48 h, and peak neurological deficits in experimental ICH occur within the first few days of injury and dissipate significantly within a week. [24] [25] [26] Importantly, lack of effect on hematoma growth by ROCK inhibitors was not due to a ceiling effect because hematoma volumes in our dataset showed a fair amount of scatter. Additionally, larger hematoma volumes have been reported in anticoagulated mice, and in pilot experiments, doubling the dose of collagenase yielded significantly larger hematomas (50 AE 3 mm 3 ) and mortality (60%) in a pilot cohort (n = 5; data not shown). Therefore, while there are limitations to our experiments, we think they approximate the clinical ICH reasonably well.
Our primary aim was to simulate field administration of ROCK inhibitors by emergency medical personnel shortly after the onset of acute neurological deficits in stroke of unknown mechanism (i.e., pre-hospital, pre-CT). In the collagenase model of ICH, hemorrhage starts within an hour and tends to plateau within 6 h. 10, 27 Therefore, we chose to administer the treatments 1 h after collagenase injection. Peak plasma KD025 concentrations are reached around 1 h after oral dosing, and significant concentrations persist at 9 h. 2 Therefore, our timing of KD025 treatment well covered the hyperacute stage of hematoma growth. Fasudil has a shorter plasma half-life, but since our primary aim was to test whether ROCK inhibitors are safe to use in the pre-hospital setting, where a patient would only receive one dose in the field prior to arriving to the emergency room for a CT, we chose not to repeat the fasudil dose in our study. Nevertheless, the relatively short plasma half-life of fasudil (~30 min) does not necessarily reflect its biological half-life (e.g., tissue concentrations, target engagement). Numerous studies used a single dose or once a day dosing of fasudil, and found robust efficacy, for example, in focal cerebral ischemia. 1, 3, 4, 28 Of course, more work is needed to test whether ROCK inhibition is efficacious in ICH, including earlier treatment, repeat dosing, and dose escalation. Overall, our treatment regimen ensured sufficient exposure to ROCK inhibitors throughout the period of maximum hematoma growth, making it unlikely that any detrimental effects were missed.
Overall, our study suggests that acute stroke patients can potentially be safely treated with ROCK inhibitors in the pre-hospital setting as well as in cases where hemorrhagic transformation of the infarct is a risk. However, further translational studies are needed to determine the safety of ROCK inhibition in females and aged animals, in comorbid models such as diabetes and hypertension, and in other stroke mimics. Testing potential acute stroke therapies for their safety in ICH will be a critical strategy to facilitate clinical trials targeting ultra-early interventions in a pre-hospital setting.
